Background: CXCL12 is pivotal for cholinergic neurons, and it induces the expressions of several genes that are essential for synthesis and storage of acetylcholine(ACh), specifically choline acetyltransferase, vesicular ACh transporter (VAChT), and choline transporter. The present study explored the impact of pharmacological Akt inhibition upon cholinergic gene expression. Methods: Western blotting was employed to determine the level of p-AKT, RT-PCR to check the mRNA levels of and CHT1(choline transporter1),VAChT and ChAT, ELISA to decipher the secretion of ACh and the activity of choline acetyltransferase. Results: Here we demonstrated, in the rat pheochromocytoma cell line PC12 and in primary rat neuronal cultures, that CXCL12-evoked up-regulation of CHT1, VAChT and ChAT was mediated by Akt. Inhibition of Akt by the pharmacological inhibitor GSK690693 eliminated CXCL12-stimulated increases in cholinergic gene expression. Moreover, treatment with GSK690693 reversed CXCL12-evoked increases in choline acetyltransferase activity and ACh production. Conclusion: Our results suggest that CXCL12 contributes to cholinergic gene expression via Akt signaling pathway.
Introduction
CXCL12(also known as stromal cell-derived factor 1) binds to C-X-C chemokine receptor 4(CXCR4), thereby activating various downstream signaling cascades including Akt/ PKB [1] [2] [3] . CXCL12 guides cell migration during embryogenesis, immune cell trafficking, cancer metastasis as well as pathological pain [4] [5] [6] [7] . In the nervous system, CXCL12 is crucial for neuronal guidance in developing brain, intercellular communication and the neuropathogenesis of acquired immunodeficiency syndrome [8] . Moreover, CXCL12 is constitutively expressed in cholinergic neurons in the medial septum [8, 9] and functionally involved in the neuron migration, the synaptic formation [10] and neurotransmitters release [11, 12] . As a strong chemoattractant for T-and B-lymphocytes as well as inflammatory monocytes, CXCL12 is regarded as a mediator of pathogenic inflammation in the CNS [13, 14] . The inflammation observed in the central nervous system(CNS) of multiple sclerosis(MS) patients and of mice with experimental autoimmune encephalomyelitis(EAE) is associated with enhanced expression of CXCL12 [15, 16] .
We have been studying the intracellular signaling pathways that mediate these biological actions of CXCL12. CXCL12 stimulates Akt and this pathway is important for cholinergic function [3, [17] [18] [19] . Upon activation, Akt phosphorylates numerous downstream targets, thereby participating in the regulation of cell survival and cell cycle progression [20] . Phosphorylation of various neuronal targets allows Akt to control different neuronal functions, e.g. GABA receptor stabilization and memory consolidation [21, 22] .
The cholinergic system is based on the neurotransmitter acetylcholine (ACh) and found widely distributed in both central and peripheral nervous systems. ACh plays a pivotal role in learning and memory performance, dysfunction of the AChergic synapse is the major cause of the Alzheimer's disease [23, 24] . ACh, synthesized by the enzyme Choline acetyltransferase (ChAT) which catalyses the acetylation of choline with acetyl-CoA, is accumulated in synaptic vesicles through a vesicular acetylcholine transporter (VAChT) driven by the transvesicular proton gradient linked to an ATPase enzyme [25] . ACh present at the synaptic cleft is promptly hydrolyzed by the enzyme acetylcholinesterase (AChE), forming acetate and choline, which is recycled into the presynaptic nerve terminal by the high-affinity choline transporter (CHT1). Uptake of choline by CHT1 is the rate-limiting step for synthesis of acetylcholine. Nothing is known, however, on the putative participation of CXCL12/CXCR4/PI3K in the regulation of ACh.
The present study was undertaken to explore the role of AKT in cholinergic gene expression in the pheochromocytoma cell line pheochromocytoma 12(PC12) cells and in primary septal neurons. Here we demonstrate that inhibition of Akt blunts CXCL12-induced cholinergic-specific mRNA level and protein abundance as well as ACh production. We suggest that Akt plays a pivotal role in the cholinergic gene expression evoked by CXCL12.
Materials and Methods

Ethics Statement
All procedures and assays were approved by the Institutional Animal Care and Use Committee of Xinxiang medical University.
Cell culture and treatments
Experiments were performed in Pheochromocytoma(PC12) cells cultured in DMEM containing 10% fetal calf serum and 1% antibiotic/antimycotic solution.
Primary septal cultures were prepared from the newborn Sprague-Dawley (SD) rats (provided by laboratory animal center in henan province license SCXK 2010-0002) as described previously [26] . Briefly, collected neurons were seeded in a concentration of 1×10 6 cells/cm 2 . Cells were cultured for 6 d in medium, consisting of Eagle's minimum essential medium containing 10 mm sodium bicarbonate, 1% glucose, 1 mm l-glutamine, 20 mm KCl, 1 mm sodium pyruvate, and 10% (v/v) heat-inactivated fetal bovine serum (Sigma). After 24h in culture, the culture medium was replaced with Neurobasal medium containing B27 supplements (Invitrogen) in a humidified atmosphere (6% CO 2 , 94% room air) at 37 °C. Approximately 12h later, 5μM cytosine arabinoside was added to the dishes to prevent the growth of non-neuronal cells. Cell treatments with the Akt inhibitor GSK690693 were started 12h later. GSK690693 is a small molecule ATP-competitive inhibitor of the pro-survival kinase Akt, is a pan-Akt kinase inhibitor, has been preclinically tested in osteosarcoma and ALL xenografts and is now in phase I of clinical trials in sarcomas, neuroblastoma, non-glioblastoma brain tumors and lymphoma [27] . The cells were pre-treated with 1μM GSK690693 or 10 μM HIMO for 12h, before addition of 300ng/mL CXCL12.
Cell viability assay
To check the neurotoxic effect of GSK690693, cells were treated with GSK690693 in different concentrations. Each group of cells were seeded in 96-well microtiter plates and incubated for 24 hours. At different points, the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay was performed by adding 20 μL of MTT (5 mg/mL, Sigma, USA) for 4 h. Finally, Light absorbance of the solution was measured at 570 nm on a microplate reader (Perkin-Elmer, USA) to determine the percentage of viable cells and account for cell death induced according to the outlined equation below: %Cell viability=100*(Absorbance of treated cells-Absorbance of blank)/(Absorbance of untreated cells-Absorbance of blank) %Cell death=100% -%Cell viability
Western blotting
Protein abundance was determined. The cells were washed in ice-cold PBS. RIPA lysis buffer(Cell Signaling, United states) containing phosphatase and protease inhibitor cocktail tablet(Thermo Fisher Scientific, United States) was added to the washed cells. The samples were incubated on ice for 30 min and then centrifuged at 14,000 rpm and 4°C for 20 min. The supernatant was removed and used for Western blotting. Total protein (40-60 µg) was separated by SDS-PAGE, thereafter transferred to PVDF membranes and blocked in 5% non-fat milk/Tris-buffered saline/Tween-20 (TBST, PH 7.4) at room temperature for 1 hour. Membranes were probed overnight at 4ºC with different primary antibodies in PBST containing 1% BSA at 4℃. The primary antibodies included the following: anti-rabbit P-AktSer473(Sigma, United States, 1:1500), total-Akt(Sigma, United States, 1:1000), total-GSK3(Sigma, United States, 1:1000) as well as pGSK-3βSer9(Sigma, United States, 1:1500). After incubation with horseradish peroxidase-conjugated antirabbit secondary antibody (Sigma, United States, 1:1000) for 2 hour at room temperature, the bands were visualized with enhanced chemiluminescence reagents (Sigma, United States). Densitometric analysis was performed using quantity One software.
Quantative Real Time-PCR (qRT-PCR)
Total RNA was extracted from PC12 cells and primary septual cultures in TriFast (Peqlab, United States) according to the manufacturer's instructions. After DNAse digestion reverse transcription of total RNA was performed using Transcriptor High Fidelity cDNA Synthesis Kit (Roche Diagnostics, United States). Real-time polymerase chain reaction (RT-PCR) of the respective genes were set up in a total volume of 20 µl using 40 ng of cDNA, 500 nM forward and reverse primer and 2x GoTaq® qPCR Master Mix (Promega, United States) according to the manufacturer's protocol. Cycling conditions were as follows: initial denaturation at 95°C for 2 min, followed by 40 cycles of 95°C for 15 sec, 58°C for 15 sec and 68°C for 20 sec. For amplification the following primers were used (5`>3`orientation): The following primers were used:
GAPDH (TATA box-binding protein):
CGGGATCCTGCCTCATCTCTGGTGT reverse (5'-3'): GGCGGAATTCAATCACAACATC Specificity of PCR products was confirmed by analysis of a melting curve. Real-time PCR amplifications were performed on a CFX96 Real-Time System (Bio-Rad, United States) and all experiments were done in duplicate. GAPDH was amplified to standardize the amount of sample RNA. Relative quantification of gene expression was achieved using the ΔCT method as described [28] . 5 cells were seeded in 6-well plates with 2 ml medium, after 24h the culture medium were collected. 10ul culture medium was added into ACh ELISA Kit (Lengton, Shanghai, China) according to the manufacturer's instructions. As for ChAT measurement, cells were lysed and collected by centrifugation. 100 µL samples was then added into ChAT ELISA kit(Antibodies, United States) according to the manufacturer's instructions.The spectrophotometry of panels were read at 450 nm and calculated according to the standard curve.
Statistics
Data are provided as means ± SEM, n represents the number of independent experiments. All data were tested for significance using one-way ANOVA followed by post hoc Bonferroni test was applied when multiple comparisons between different groups were made. Only results with p < 0.05 were considered statistically significant.
Results
CXCR4 antagonist AMD3100 abolishes the CXCL12-evoked phosphorylation of Akt and GSK-3
In order to understand the mechanism of action of CXCL12, antagonist AMD3100 was utilized. PC12 cells were treated with 5μg/mL AMD3100 for 12h, then stimulated with 300 ng/mL CXCL12 for 30min. Western blotting was used to check the phosphorylation of Akt and its downstream effector glucose synthase kinase-3(GSK-3). As illustrated in Fig.1, AMD3100 significantly decreased the phosphorylation of Akt and GSK-3 in response to CXCL12 (Fig. 1) . Thus, CXCL12 induces the phosphorylation of Akt and GSK-3 through CXCR4.
Akt inhibitor GSK690693(1μM) does not change the viability of cells
Akt, a downstream effector of the PI3K pathway, is associated with transmission of PI3K survival signals. Therefore, the viability of the treated cells was concerned. we used GSK690693, an affective Akt inhibitor to treat PC12 cells in 500nM, 1μM and 1.5 μM, respectively. As illustrated in Fig. 2 , exposure of cells to GSK690693 in 1.5 μM for 12 hours leaded to a significant decrease of the cell viability. However, cell viability decreased by 15-25% following 12h of exposure of 1uM of GSK69069031. Thus, 1μM GSK690693 was utilized to perform the experiments. Fig. 1 . Effect of the CXCR4 antagonist AMD3100 on protein phosphorylation. Original Western blot showing the protein abundance of p-GSK3 and p-AKT in PC12 cells without or with a prior 30min treatment with 300 ng/ml CXCL12 in the absence and presence of AMD3100(1 µM). Fig. 2 . Effect of the Akt inhibitor GSK690693 on PC12 cells viability. MTT analyse was used to determine cell death. PC12 cells were incubated with CXCL12(300 ng/ml) without or with the treatment of GSK690693(0.5, 1, 1.5 µM) for 24h. Data are means ± SEM (n = 5 independent experiments). ** (p<0.01) indicates significant difference from control (ANOVA).
Akt inhibitors abolish the CXCL12 effects upon ChAT activity and ACh production
In order to explore the involvement of Akt in cholinergic function, PC12 cells were pretreated with GSK690693(1μM) for 12h, then stimulated with 300 ng/mL CXCL12 for 30min. The inhibition of Akt activity was demonstrated by western blotting with phosphor-specific antibodies against Akt and GSK-3. As illustrated in Fig. 3, GSK690693 significantly decreased the phosphorylation of Akt and GSK-3 in response to CXCL12 (Fig. 3) .
In order to explore whether CXCL12-stimulated ACh production was affected in the presence of Akt inhibitors, the cells were treated with GSK690693 or HIMO(10μM) in the presence of CXCL12 for 12h. HIMO(1L-6-hydroxymethyl-chiro-inositol 2(R)-2-O-methyl-3-O-octadecylcarbonate), a 3'-modified phosphatidylinositol analogue shown to be an effective Akt inhibitor, has a marked preference for Akt(IC 50 of 5 μM) over PI3K(IC 50 of 83 μM) [29, 30] . As illustrated in Fig. 4 and 5, CXCL12 increased ChAT activity and ACh release significantly( Fig. 4A and B, Fig. 5A and B) . Pre-treatment with these inhibitors completely abolished these increases. However, treatment with these inhibitors alone did not affect ACh release and ChAT activity. Moreover, exposure of CXCL12-pretreated cells to GSK690693 or HIMO did not modify ChAT activity and ACh contents. Thus, inhibition of Akt prevents CXCL12 from up-regulation of ACh production in PC12 Cells.
Akt inhibitors prevent CXCL12-mediated up-regulation of cholinergic mRNA expression
In order to shed light on the role of Akt inhibition in the mRNA expression of ChAT and VAChT as well as CHT1, RT-PCR was employed. As illustrated in Fig. 6 and Fig. 7, CXCL12   Fig. 3 . Effect of the Akt inhibitor GSK690693 on protein phosphorylation. Original Western blot showing the protein abundance of AKT and p-AKT in PC12 cells without or with a prior 30min treatment with 300 ng/ ml CXCL12 in the absence and presence of GSK690693(1 µM). Fig. 4 . Effect of the Akt inhibitor GSK690693 on ChAT activity and ACh production. A. Arithmetic means ± SEM (n = 4 independent experiments) of ACh concentration in PC12 without (white bar) or with a prior 30min treatment with 300 ng/ml CXCL12 in the absence (black bar) and presence (grey bar) of GSK690693(1 µM). B. Arithmetic means ± SEM (n = 4 independent experiments) of ChAT activity in PC12 without (white bar) or with a prior 30min treatment with 300 ng/ml CXCL12 in the absence (black bar) and presence (grey bar) of GSK690693(1 µM). ** (p<0.01), *** (p<0.001) indicates significant difference from control (ANOVA).
increased both ChAT and VAChT as well as CHT1 mRNA expressional levels in PC12 cells. In contrast, in the presence of GSK690693 and HIMO, CXCL12-induced increases in these three genes were blunted. Moreover, in the absence of CXCL12, GSK690693/HIMO treatment did not affect basal ChAT and VAChT mRNA levels. So we conclude that inhibition of Akt eliminates CXCL12-induced up-regulation of ChAT and VAChT as well as CHT1 mRNA levels in PC12 cells. 5 . Effect of the Akt inhibitor HIMO on ChAT activity and ACh production. A. Arithmetic means ± SEM (n = 4 independent experiments) of ACh concentration in PC12 without (white bar) or with a prior 30min treatment with 300 ng/ml CXCL12 in the absence (black bar) and presence (grey bar) of HIMO(10 µM). B. Arithmetic means ± SEM (n = 4 independent experiments) of ChAT activity in PC12 without (white bar) or with a prior 30min treatment with 300 ng/ml CXCL12 in the absence (black bar) and presence (grey bar) of HIMO(10 µM). ** (p<0.01), *** (p<0.001) indicates significant difference from control (ANOVA). 
CXCL12-evoked cholinergic gene expression is Akt-dependent in primary septal cells
In order to conform the involvement of Akt signaling on cholinergic gene expression in primary neuronal cultures isolated from newborn SD-Rats septum (Fig. 8) , after 72 h in culture, the cells were pre-treated with GSK690693 for 12 h, followed by 30min CXCL12 treatment. In accordance with findings in PC12 cells, CXCL12 increased ChAT mRNA levels, an effect blunted by GSK690693 (Fig. 8A) . Moreover, RT-PCR revealed that both VAChT and CHT1 mRNA levels were markedly increased by CXCL12. Furthermore, pretreated with GSK69069 prevented CXCL12-induced enhancement in both CHT1 and VAChT mRNA accumulation (Fig. 8B, C) .
Discussion
Our results suggest a novel potential role of Akt signaling in the regulation of cholinergic differentiation. Using PC12 cells and primary septal neurons, we demonstrated that inhibition of Akt eliminates CXCL12-dependent ChAT, VAChT as well as CHT1 mRNA expressional levels and ACh production. Moreover, ChAT and VAChT expression levels in PC12 cells are consistent with that in primary cultured septal neurons. Additionally, CHT1, another cholinergic marker co-regulated with ChAT and VAChT [31, 32] , is also regulated by CXCL12 in an Akt-dependent manner in septal cells.
Increasing evidence suggests that the cholinergic system and acetylcholine are important for normal cognitive function. In the central nervous system, acetylcholine and the activity of cholinergic neurons have been shown to facilitate learning and memory formation, increase alertness and attention, and signal behaviorally relevant sensory cues [33] [34] [35] . Dysfunction of the cholinergic synapse is the major cause of the Alzheimer's disease(AD) [23, 24] . Synaptic loss is the principal correlate of disease progression and loss of cholinergic neurons contributes to memory and attention deficit [36] . Furthermore, there are reports of reduced cortical ChAT activity widespread brain regions of patients with AD [37] [38] [39] .Thus, drugs that act on the cholinergic system represent a promising option to treat AD patients.
CXCL12 is constitutively expressed in cholinergic neurons in the medial septum and substantia innominata and in dopaminergic neurons in substantia nigra pars compacta and the ventral tegmental area [8] . It is served as a modulatory neuropeptide regulating both central cholinergic and dopaminergic systems [8] . Moreover, CXCR4, a G protein-coupled receptor for the CXCL12 is also constitutively expressed in cholinergic and dopaminergic neurons [4, 17, 40, 41] . CXCL12 is pointed to regulate development of the cholinergic phenotype during adult hippocampal neurogenesis and the synaptic integration of newly generated neurons. But to the best knowledge of the authors, there has been no previous report that elucidated the mechanism of which CXCL12 regulates cholinergic system until now.
PI3k/AKT pathways are required for distal axon growth and regeneration [42] and for cholinergic vesicle trafficking and migration [43, 44] . Akt signaling pathway plays a vital role in nAChR signaling in normal lung cells and lung cancer cells [45] . But little is known about the precise mechanism by which the Akt pathway regulates cholinergic functions. Our results with Akt inhibitors indicate that at least some of the Akt effects on the cholinergic gene expression are transcriptional. Akt is involved in cell survival through interfering with the apoptosis, but also associated with the transcriptional induction of genes related to cell survival, cell cycle and metabolism [46, 47] .
We used GSK-3 phosphorylation as an indicator of Akt activity. GSK-3 is involved in glucose metabolism, apoptosis, Wnt signaling and cancer as well as AD [48, 49] . Specifically, GSK-3 phosphorylates tau protein, hence forming neurofibrillary tangles, which is one of hallmarks of AD [50] . Of note, the anti-apoptotic function of the PI3K/Akt/GSK-3 is pivotal for nerve survival. Furthermore, PI3K/Akt/GSK3 signaling involves regulation of the stability of β-catenin, which is necessary for acetylcholine receptor clustering at the neuromuscular junction [51, 52] . The findings in this paper, suggesting that Akt signaling pathway is necessary for the stimulation of ACh synthesis by CXCL12/CXCR4, are in agreement with those observations. Therefore, a defect in this signaling pathway may contribute to the GSK3
